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Tissue engineering scaffolds made of biocompatible polymers are promising alternatives for nerve repa-
ration. For this application, cell proliferation will be speeded up by electrostimulation, which required
electrically-conductive materials. Here, a biomimicking scaffold with optimized conductivity was devel-
oped from electrospun polyacrylonitrile/electrically-conductive polyaniline (PAN/PANI) nanofibers
doped with Ni nanoparticles. PAN/PANI/Ni was biocompatible for Schwann cells and exhibited a suitable
tensile strength and wettability for cell proliferation. When compared with unmodified PAN/PANI, the
electrical conductivity of PAN/PANI/Ni was 6.4 fold higher. Without electrostimulation, PAN/PANI and
PAN/PANI/Ni exhibited similar Schwann cells’ proliferation rates. Upon electrostimulation at
100 mV cm™! for one hour per day over five days, PAN/PANI/Ni accelerated Schwann cells’ proliferation
2.1 times compared to PAN/PANI. These results demonstrate the importance of expanding the electrical
conductivity of the tissue engineering scaffold to ensure optimal electrostimulation of nerve cell growth.
Additionally, this study describes a straightforward approach to modulate the electrical conductivity of
polymeric materials via the addition of Ni nanoparticles that can be applied to different biomimicking
scaffolds for nerve healing.
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1. Introduction

Peripheral nerve tissue damage caused by physical trauma, dia-
betes, vascular problems, cancer, and so on, are difficult to cure and
seriously affect the quality of life of patients because of high dis-
ability rates [1-4]. Multiple nerve injuries with large gap cannot
be repaired by end to end sutures and require autologous nerve
grafts [5,6]. However, this approach has several limitations such
as partial loss of function for donors, mismatch with recipients,
and shortage of donors [7]. A promising alternative being the
object of vast research effort is nerve tissue engineering (NTE)
where artificial biomimicking scaffolds similar to extracellular
matrices can regulate, guide, and nurture cell proliferation to pro-
mote nerve reparation [8].
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For NTE, electrically-conductive scaffolds such as electrospun
nanofibers have been developed to promote nerve cell outgrowth
[9-12]. Electrical stimulation induces particular cell responses at
the molecular level leading to nerve regeneration [13-16]. Sch-
wann cells (SC) are of distinct importance when it comes to neurite
or axonal growth. They ensure the re-myelination of injured
nerves, participate in the removal of myelin debris, and release sol-
uble factors promoting re-growth [17-20]. Upon exogenous elec-
trical stimulation, SCs were shown to proliferate, increase the
release of nerve growth factors, and promote neurite regeneration
[18,21,22].

Several electrically-conductive biomimicking scaffolds have
been developed to stimulate SC proliferation. These include matri-
ces made of conductive polymers such as polypyrrole (PPy) coated
on indium tin oxide, interwoven PPy and poly(styrene sulfonate)
on a polycaprolactone (PCL) substrate, PPy/chitosan composite,
PPy coated on electrospun poly(L-lactic acid-co-e-caprolactone)/
silk fibroin nanofibers, micropatterned poly(glycerol sebacate)-
co-aniline pentamer, graphene/silk fibroin composite, PCL/poly


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2021.107750&domain=pdf
https://doi.org/10.1016/j.bioelechem.2021.107750
mailto:pierluct@whut.edu.cn
mailto:tzhang@whut.edu.cn
https://doi.org/10.1016/j.bioelechem.2021.107750
http://www.sciencedirect.com/science/journal/15675394
http://www.elsevier.com/locate/bioelechem

M. Wang, Pier-Luc Tremblay and T. Zhang

(ethylene oxide) doped with graphene, chitosan/gelatin scaffold
with incorporated polyaniline (PANI)/graphene nanocomposite,
and PANI/cellulose [9,15,23-30]. Among these materials, PANI is
a promising organic conductive polymer for tissue engineering
involving electrical stimulation [31-35]. PANI has a wide electrical
conductivity range that can be modulated by combining it with
other conductive nanomaterials such as graphene and nickel
[36-40]. Furthermore, PANI is easy to synthesize and has a good
chemical stability [41].

Electrospinning is an efficient method for the fabrication of arti-
ficial biomimicking scaffold for tissue engineering [42-45]. This
technique allows the preparation of highly porous mesh made of
continuous nanofibers with good surface area to volume ratio,
which maximizes contact with living cells [25,46]. One disadvan-
tage of conductive PANI nanofibers is their weak mechanical
strength hampering the electrospinning process [47]. A simple
solution is to combine PANI with a second polymer with high
mechanical strength such as polyacrylonitrile (PAN) [48,49]. PAN
also has high thermal and chemical resistance as well as low cost.
PAN/PANI films generated by electrospinning are stable with good
mechanical strength and electrical conductivity [50]. This material
has been used alone or in combination with other compounds for
diverse applications such as tissue engineering, water treatment,
as a supercapacitor, sensor, catalyst, and so on [33,51-55].

In this study, PAN/PANI nanofibers doped with Ni nanoparticles
(NP) were synthesized. Ni NPs were selected for the modification of
a PAN/PANI biomimicking scaffold primarily because of their high
electrical conductivity that may enhance NTE via electrostimula-
tion. Furthermore, Ni-based materials are earth-abundant, low-
cost, antibacterial, and can be biocompatible with animal cell lines
[56,57]. After physicochemical characterization, both electrospun
PAN/PANI and PAN/PANI/Ni with enhanced electrical conductivity
were evaluated as scaffolds for the acceleration of the proliferation
of SCs involved in peripheral nerve repair [58].

2. Experimental section
2.1. Materials

PAN (Mw: 150000 g mol~!) and electrically-conductive PANI
doped with 5-sulfosalicylic acid (SSA) were purchased from Shang-
hai Macklin Biochemical (Shanghai, China). Ni NPs were acquired
from Nangong Xindun Alloy Welding Material Spraying Co. (Xing-
tai, China). N,N-dimethylformamide (DMF) (purity > 99.5%) was
purchased from Sinopharm Chemical Reagent (Shanghai, China).
DMEM cell culture medium, fetal bovine serum (FBS), penicillin-
streptomycin-neomycin antibiotic mixture, and (3-(4,5-Dimethyl
thiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT) were
acquired from ThermoFisher Scientific (Waltham, MA, USA). DMSO
(purity > 99.5%) was obtained from neoFroxx (Hessen, Germany).
The cell counting kit 8 (CCK-8) was purchased from Dojindo Molec-
ular Technologies (Rockville, MD, USA). SCs RSC96 were obtained
from the China Center for Type Culture Collection (Wuhan, China).

2.2. Preparation of electrospun nanofiber films

For PAN electrospun nanofibers, 5 ml DMF was added to 0.4 g
PAN. For both PAN/PANI and PAN/PANI/Ni, 0.6 g PANI was added
to the PAN-DMF mixture. For PAN/PANI/Ni, 50 mg Ni NPs were
added to PAN/PANI-DMF. These solutions were stirred overnight
prior to being placed in an ultrasonic bath for one hour. For electro-
spinning, the solutions were loaded in a 5 ml syringe with a 21-
gauge needle, which was placed into a syringe pump. The syringe
device was then connected to a high voltage supply and the elec-
trospinning process was conducted at a voltage of 18 kV and a flow
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rate of 42 ml h™'. 15 cm separated the needle tip from the drum
collector, which was rotating at 200 rpm. After electrospinning,
the nanofiber film was placed into a vacuum drying oven for
24 h to remove solvents.

2.3. Characterization of electrospun nanofiber films

Fourier transform infrared (FTIR) spectra were recorded with a
Nicolet IS5 spectrometer (Thermo Fisher Scientific) in the 500-
4000 cm~! range at a resolution of 0.8 cm~! and with a scan num-
ber of 15. X-ray diffraction (XRD) spectroscopy of the electrospun
nanofiber films was performed with a D8 ADVANCE powder X-
ray diffractometer (Bruker, MA, USA) in the 10 — 80° range with
a scan step (0.02°) per degree of 50. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were per-
formed at an accelerating voltage of 5 kV with a S-4800 microscope
with a magnification ranging from 5000 to 100000X (Hitachi,
Tokyo, Japan). Samples for SEM were mounted onto the holder
with conductive adhesive and sputter-coated with gold prior to
observation. Electrical conductivities of PAN, PAN/PANI, and PAN/
PANI/Ni were measured with a RTS-11 double electric four-probe
tester (Guangzhou Four-Probe Electronic Technology, Guangzhou,
China). Tensile strengths of the electrospun nanofiber films were
measured with a HY0580 universal material testing machine. Sam-
ple width was 30 mm, gauge length was 10 mm, and number of
replicates per sample was five for tensile strength measurements
(Shanghai Hengyi Precision Instrument, Shanghai, China). The wet-
tability of the materials was evaluated with a JC2000S water con-
tact angle measurement instrument (Beijing Zhongyi Kexin
Technology, Beijing, China).

2.4. Schwann cell culture maintenance

SCs were maintained in culture medium comprising 89%
DMEM, 10% FBS, and 1% penicillin-streptomycin-neomycin antibi-
otic mixture. SCs were incubated at 37 °C with a 5% CO, atmo-
sphere. The culture medium was changed every two days and
cellular growth was monitored under a microscope. When the cell
number increased by 80 to 90%, a subculture was started.

2.5. Cytotoxicity test

For cytotoxicity analyses, SCs were cultivated in electrospun
nanofiber film extractants and cell viability was assessed with
the MTT assay. Briefly, PAN, PAN/PANI, and PAN/PANI/Ni were
immersed in 75% ethanol for four hours. Ethanol was then removed
and the materials were sterilized further under an ultraviolet lamp
for 30 min. The electrospun nanofiber films were then soaked for
one day at 37 °C in cell culture medium. The volume of culture
medium employed for the extraction process was one ml per six
cm? of material surface. Subsequently, the electrospun nanofiber
films were removed from the extractants, which were then filter-
sterilized. For each tested material, 200 pl extractant was added
to six replicate wells on a 96-well plate. The positive control of
cytotoxicity was 5% DMSO while the negative control was pristine
cell culture medium not exposed to electrospun nanofiber films.
DMSO at a high concentration of 5% has been shown to be cyto-
toxic for various cell line [59,60]. SCs were then trypsinized, cen-
trifuged, and seeded into the 96-well plate at a concentration of
5 x 10° cells per well. The well plate was then incubated at 37°C
with 5% CO, for one day. In the next step, 20 pl of 5 mg ml™!
MTT was added to each well followed by four hours of incubation.
The cell culture medium was discarded and 200 pl DMSO was
added to each well. The plate was then shaken for 10 min prior
to measurement of the optical density (OD) at 490 nm with a Mul-
tiskan Fc microplate photometer (ThermoFisher Scientific).
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2.6. Electrostimulation and cell proliferation assay

For electrostimulation and cell proliferation assay, electrospun
nanofiber films were placed in triplicate in the wells of a 24-well
plate. Each well was then filled with 100% ethanol and incubated
at room temperature overnight. 100% ethanol was aspirated and
replaced by 75% ethanol followed by four hours of incubation. Sub-
sequently, the 24-well plate with the electrospun nanofiber films
was sterilized under ultraviolet light for 30 min prior to being
washed three times with sterile PBS buffer. SCs were then trypsi-
nized, centrifuged, and seeded at a planting density of 10,000 cells
cm™2 prior to incubation in culture medium at 37 °C under a 5%
CO, atmosphere. The electrostimulation was performed with alu-
minum foil electrodes connected to a constant voltage DC power
supply generating a field of 100 mV cm~!. Where indicated, SCs
were electrostimulated for one hour each day for a total of five
days. Cell proliferation was assessed with the CCK-8 kit (Dojindo
Molecular Technologies). ODs were measured at 450 nm with a
Multiskan Fc microplate photometer (ThermoFisher Scientific).
SEM images of SCs on electrospun nanofiber films were taken with
a S-4800 microscope (Hitachi) at an accelerating voltage of 5 kV.

3. Results and discussion
3.1. Fourier transform infrared spectroscopy analysis

Electrospun PAN, PAN/PANI, and PAN/PANI/Ni nanofiber films
were characterized by FTIR spectroscopy (Fig. 1A). The characteris-
tic peaks of PAN nanofibers are observed at 2242.82, 1736.06, and
1452.04 cm™! for all three materials [61], The NH bending vibra-
tion and CH tensile vibration peaks belonging to PANI are detected
at 1639.85 and 1291.86 cm~! with both PAN/PANI and PAN/PANI/
Ni confirming the loading of PANI on PAN fibers during the electro-
spinning process. As expected, Ni addition had no impact on the
structure of the nanofibers detectable by FTIR since spectra for
PAN/PANI and PAN/PANI/Ni were similar. For PAN/PANI and PAN/
PANI/Ni, the reduction of the intensity of the characteristic PAN
band at 2242.82 cm™! attributed to nitrile stretching vibration is
a clear indication of the interaction of PANI with the nitrile group
of PAN [47,62].

3.2. X-ray diffraction spectroscopy analysis

The three XRD spectra of PAN, PAN/PANI, and PAN/PANI with
4.8% Ni NPs (w/w) showed a pronounced diffraction peak at 17°
and a weaker diffusion diffraction peak at 29° attributed to semi-
crystalline PAN (Fig. 1B) [63-65]. The strong peak at 17° is charac-
teristic of a hexagonal crystal (100) structure [62,66]. The diffuse
peak at 29° corresponds to the amorphous region of PAN. For both
PAN/PANI and PAN/PANI/Ni, the diffraction peaks detected at 21°
and 26° are attributed to the layered and ordered structure of
the PANI polymer [67], Peaks at 45° and 53° characteristic of Ni
[68] indicate that the preparation of PAN/PANI/Ni by electrospin-
ning was successful. Results with both PAN/PANI and PAN/PANI/
Ni show that the addition of PANI did not change fundamentally
the crystalline plane of PAN with peaks still present at 17° and
29°. However, PANI caused a reduction of the PAN-related peak
at 17° demonstrating an interaction between PAN and PANI possi-
bly involving electrostatic interactions and hydrogen bonding [62].
For PAN/PANI/Ni, an additional peak at 21.6° could not be attribu-
ted to PAN, PANI, or Ni. This peak is probably related to the pres-
ence of a small quantity of residual DMF (JCPDS card no. 48-
2096) from the synthesis process in the PAN/PANI/Ni sample
tested by XRD.
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Fig. 1. Characterization of electrospun PAN/PANI/Ni nanofibers. (A) FTIR and (B)
XRD spectra of PAN, PAN/PANI, and PAN/PANI/Ni. JCPDS cards no 17-1001, 48-2119,
and 04-0850 correspond to PANI, PAN, and Ni, respectively.

3.3. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy analyses of electrospun nanofibers

The SEM image of electrospun PAN film shows a mesh of well-
distributed nanofibers with an average diameter of 118.7 + 15.4 n
m (Fig. 2AB). When PANI is added, spindle-like beads are present
along the nanofibers (Fig. 2C). The surface of PAN/PANI nanofibers
appears to be rougher than the PAN nanofibers with a larger diam-
eter of 190.4 £ 41.3 nm (Fig. 2D). PAN/PANI and PAN/PANI/Ni exhi-
bit a similar appearance when observed by SEM with spindle-like
structures characteristic of PANI (Fig. 2E). According to size and
morphology, the inset on Fig. 2E shows a Ni NP attached to a
PAN/PANI nanofiber (Fig. S1). Interestingly, PAN/PANI/Ni became
narrower with a diameter of 106.6 * 23.4 nm. This phenomenon
could be attributed to the substantial electrical conductivity of Ni
NPs that should lead to an increase of the electrical conductivity
of the PAN/PANI/Ni solution prepared for electrospinning. During
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Fig. 2. SEM images of PAN, PAN/PANI, and PAN/PANI/Ni. (A) SEM images and (B) nanofiber diameter of PAN. (C) SEM images and (D) nanofiber diameter of PAN/PANI. (E) SEM

images and (F) nanofiber diameter of PAN/PANI/Ni.

this process, higher electrical conductivity can lead to the fabrica-
tion of electrospun nanofiber with a smaller diameter [69,70]. For
PAN/PANI/Ni, EDS analysis confirmed the successful loading of Ni
NPs (Fig. 3). No Ni element was detected for PAN/PANI while the
exact Ni content for PAN/PANI/Ni was 4.76% (w/w). The S element
detected by EDS in both PAN/PANI and PAN/PANI/Ni is comprised
in the SSA employed by the manufacturer to dope PANL

3.4. Electrical conductivity of PAN/PANI nanofibers with nickel
nanoparticles

PAN nanofiber networks such as the one fabricated here are
insulators with an electrical conductivity below the detection limit
of 0.01 mS cm~2 of the double electrical measurement 4-point
probe tester employed here (Fig. 4). Adding the electrically-

conductive polymer PANI to PAN increased electrical conductivity
to 7.3 + 1.2 mS cm~'. When PAN/PANI nanofibers were modified
with Ni NPs, electrical conductivity was further augmented by
6.4 fold to 47.0 + 1.0 mS cm™ . This is expected since pure nickel
has an outstanding electrical conductivity of 1.4 x 107 S cm™!. Both
PAN/PANI and PAN/PANI/Ni electrospun nanofiber films cover a
wide range of electrical conductivity and thus, can be used to
assess the impact of this fundamental property on the electrostim-
ulation of SC proliferation.

3.5. Tensile strength and wettability

The tensile strength of PAN, PAN/PANI, and PAN/PANI/Ni was
measured to establish if these scaffold materials for cell prolifera-
tion could withstand stresses during nerve healing and maintain
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their shape and structural integrity [71-73]. Decellularized rat
nerves have a maximum tensile strength of 1.4 MPa and it is
assumed that biomimicking scaffolds for nerve healing should be
in the same range [73]. The tensile strength of the PAN, PAN/PANI,
and PAN/PANI/Ni nanofiber films were 3.6 + 0.2 MPa, 2.9 + 0.2 MPa,
and 2.7 + 0.3 MPa (n = 5), respectively (Fig. 5A). The lower tensile
strength of both PAN/PANI and PAN/PANI/Ni compared to pristine
PAN is probably related to the lower mechanical strength of PANI
affecting the properties of the electrospun nanofiber films [47].
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Fig. 6. Cytotoxicity of electrospun nanofiber films. Cell viability after one-day
exposure to cell culture medium extractant from PAN, PAN/PANI, and PAN/PANI/Ni
measured with MTT. Each bar is the mean of at least six replicates with standard
deviation.

Still, all three materials had a comparable but slightly superior ten-
sile strength versus decellularized rat nerves with PAN/PANI/Ni
being the closest.

Another important characteristic of biomimicking scaffolds is
surface wettability. Hydrophilic materials are more suitable for cell
adhesion and proliferation [74,75]. This is also the case for nerve
healing and SCs where hydrophilicity is an important feature of
the scaffold for the maximization of cellular proliferation [26,76].
PAN exhibited a water contact angle of 125° and was hydrophobic
(Fig. 5B). On the contrary, PAN/PANI and PAN/PANI/Ni were super-
hydrophilic with fast permeation of the water droplet on the sur-
face of both materials (Fig. 5CD). Here, super-hydrophilic PANI
was clearly responsible for the observed change in wettability of
the conductive scaffolds [77].

3.6. Cytotoxicity assessment

To determine whether the three types of electrospun nanofiber
film release cytotoxic molecules, PAN, PAN/PANI, and PAN/PANI/NI
were soaked for 24 h into culture medium and then removed. The
culture medium possibly contaminated with cytotoxic chemicals
was then employed to cultivate rat SCs for one day. Afterward,
the MTT assay was used to measure cellular metabolic activity
(Fig. 6). SCs in culture media exposed to PAN, PAN/PANI, or PAN/
PANI/Ni had a metabolic activity comparable to pristine medium
and significantly higher than the positive cytotoxic 5% DMSO con-

C(PAN/PANI)

D (PAN/PANI/Ni)

Fig. 5. Tensile strength and wettability of PAN, PAN/PANI, and PAN/PANI/Ni. (A) Tensile strength of the electrospun nanofiber films. Each bar is the mean of at least five
replicates with standard deviation. Water contact angle images of (B) PAN, (C) PAN/PANI, and (D) PAN/PANI/Ni.
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Fig. 7. Electrostimulation and SCs proliferation with PAN/PANI and PAN/PANI/Ni
scaffolds. Electrostimulation was performed with a constant voltage of 100 mv
cm~! for one hour per day. SCs proliferation was measured with the CCK-8 assay.
Each bar is the mean of at least three replicates with standard deviation. ES:
electrostimulation.

trol. These results demonstrate that the three electrospun materi-
als did not release cytotoxic molecules harmful for SCs in the cul-
ture medium and were likely to be biocompatible.

Bioelectrochemistry 140 (2021) 107750
3.7. Electrical stimulation of Schwann cells proliferation

The proliferation of SCs upon electrical stimulation via
electrically-conductive electrospun nanofiber films was quantified
with the CCK-8 assay (Fig. 7). Electrical stimulation was achieved
with a constant voltage of 100 mV cm ! for one hour per day over
a total period of five days. Without electrical stimulation, cell pro-
liferation was similar between PAN/PANI and PAN/PANI/Ni film
with higher electrical conductivity. Both PAN/PANI and PAN/
PANI/Ni films exhibited faster SC proliferation after three days
upon electrical stimulation. For PAN/PANI/Ni, cell proliferation
increased substantially after five days with an ODyso,, 4.7 fold
higher upon electrical stimulation than without. At 5 days, elec-
trostimulated PAN/PANI/Ni film was also 2.1 times more efficient
at promoting SC proliferation than electrostimulated PAN/PANI
film demonstrating the benefit of doping with highly-conductive
nickel NPs. Besides higher electrical conductivity, the lower diam-
eter of the PAN/PANI/Ni electrospun nanofibers compared to PAN/
PANI may also be involved in the faster SCs proliferation. Previous
studies have shown that cell adhesion and growth was facilitated
by electrospun nanofibers with a smaller diameter [78,79].

3.8. Schwann cells disposition and attachment
SEM images of electrospun films after five days of cell prolifer-

ation show the distinct shape of SCs (Fig. 8; Fig. S2). After electros-
timulation, SCs were well-distributed on both PAN/PANI and PAN/

Fig. 8. SEM images after five days of SCs proliferation. (A) PAN/PANI without electrostimulation, (B) PAN/PANI/Ni without electrostimulation, (C) PAN/PANI with

electrostimulation, and (D) PAN/PANI/Ni with electrostimulation.
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PANI/Ni confirming the biocompatibility of these materials. Fur-
thermore, the SEM analysis confirmed that the electrospun PAN/
PANI/Ni nanofiber film was more suitable for the electrostimula-
tion of SCs proliferation. The SEM image of PAN/PANI/Ni with elec-
trostimulation exhibits a larger cell number than PAN/PANI with
electrostimulation or PAN/PANI and PAN/PANI/Ni without elec-
trostimulation. These results highlighted the advantage for SC pro-
liferation of adding Ni NPs to PAN/PANI nanofibers and of
increasing the electrical conductivity of the NTE scaffold.

4. Conclusions

In summary, the addition of Ni NPs to electrospun PAN/PANI
nanofibers resulted in a highly-conductive and super-hydrophilic
material with the proper tensile strength to serve as a scaffold
for NTE. Furthermore, PAN/PANI/Ni was biocompatible for SCs with
no release of cytotoxic compounds in the culture medium. Upon
electrostimulation, the PAN/PANI/Ni scaffold accelerated SCs pro-
liferation compared to PAN/PANI, which exhibited a significantly
lower electrical conductivity. This observation highlights the
importance of maximizing the electrical conductivity of the NTE
scaffold to increase cell proliferation and possibly shorten the time
required for nerve healing processes. Although the PAN/PANI/Ni
biomimicking scaffold is promising additional work is required to
evaluate extensively its potential for NTE. Still, the strategy pro-
posed here to modulate the electrical properties of the electrospun
PAN/PANI nanofibers with Ni NPs is straightforward and can read-
ily be adapted for different biomimicking scaffolds developed for
electrostimulation.
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